PCR techniques in combination with conventional parasite concentration procedures have potential for the sensitive and specific detection of Toxoplasma gondii oocysts in water. Three real-time PCR assays based on the B1 gene and a 529-bp repetitive element were analyzed for the detection of T. gondii tachyzoites and oocysts. Lower sensitivity and specificity were obtained with the B1 gene-based PCR than with the 529-bp repeat-based PCR. New procedures for the real-time PCR detection of T. gondii oocysts in concentrates of surface water were developed and tested in conjunction with a method for the direct extraction of inhibitor-free DNA from water. This technique detected as few as one oocyst seeded to 0.5 ml of packed pellets from water samples concentrated by Envirocheck filters. Thus, this real-time PCR may provide a detection method alternative to the traditional mouse assay and microscopy.
Toxoplasma gondii is a ubiquitous parasite found in all classes of warm-blooded vertebrates. Nearly one-third of humans have been exposed to this parasite (15) . In immunocompetent adults, acute infection normally results in transient influenza-like symptoms, but in immunocompromised persons retinochoroiditis and encephalitis are more common. Infected individuals can retain the parasite as quiescent tissue cysts for long periods, but invasive infection can occur if the immune status of the infected person deteriorates (42) . If women become infected during pregnancy, the parasite can cause abortion or seriously damage the fetus. The potential morbidity from the ingestion of oocysts of T. gondii and the organism's low infectious dose are a great concern for public health. There are at least four reported waterborne outbreaks of toxoplasmosis (2, 3, 14, 44) , and endemic toxoplasmosis in Brazil is associated with the consumption of water or ice contaminated with T. gondii oocysts (1, 23) , demonstrating the potential for the waterborne transmission of this disease (15) .
There is no rapid detection method for T. gondii oocysts recovered from water or other environmental samples. Traditionally, the detection of protozoa in water required their concentration from large volumes of water by filtration or centrifugation, isolation from concentrated particulates by immunomagnetic separation (IMS) or other methods, and detection by immunofluorescence microscopy, the infection of cultured cells, biochemistry, animal infection tests, molecular techniques, or combinations of these (17, 58) . For T. gondii oocysts there are no commercially available IMS techniques, no widely available immunofluorescent staining reagents, and no standardized cultivation protocols. The identification of oocysts from environmental samples has included differential floatation and mouse inoculation (27) . Recently, IMS techniques have been developed for the isolation of T. gondii oocysts and sporocysts in water (16, 18) . Both the oocyst and sporocyst IMS assays, however, had poor specificity, because antibodies cross-reacted with water debris and the sporocyst wall of Hammondia hammondi, Hammondia heydorni, and Neospora caninum (16) .
PCR is becoming a favored technique for the detection of T. gondii oocysts in water (32, 35, 36, 46, 49, 55 ) over the conventional mouse bioassay (27, 55) , as it reduces the detection time from weeks to 1 to 2 days. Although they have been developed for the detection of T. gondii in clinical specimens (50) , no real-time PCR assays have been adapted for the detection of oocysts in water samples, possibly because of expected high concentrations of PCR inhibitors and low numbers of T. gondii oocysts in environmental samples (55) .
There are several unresolved issues regarding the effectiveness of the PCR detection of T. gondii oocysts in water. The most readily available method for the isolation of T. gondii oocysts from water samples is flocculation or sucrose floatation prior to DNA extraction (35, 36, 49, 55) . Because sucrose flotation and flocculation result in oocyst losses, the recovery rate of using these methods is poor. For DNA extraction, the phenol-chloroform method or QIAamp mini kit frequently is used (16, 35, 36, 46, 55) . When oocysts are recovered from water either by the Environmental Protection Agency (EPA) information collection rule method (53) or EPA Method 1623 (54) without purification by IMS, neither the conventional phenol-chloroform DNA extraction nor the QIAamp mini kit is effective at removing PCR inhibitors (30, 55, 57) .
Recently, a method was used effectively in the analysis of Cryptosporidium oocysts in surface water, storm water, and wastewater samples (30) . This method extracted DNA directly from water concentrates without pathogen IMS, differential flotation, or enrichment cultures, and it utilized a commercial DNA extraction kit, the FastDNA spin kit for soil, and a high concentration of nonacetylated bovine serum albumin in PCR. The FastDNA soil kit has a higher capacity for PCR inhibitor removal than several other commercial extraction kits designed for environmental samples. The use of nonacetylated bovine serum in the PCR neutralizes residual PCR inhibitors that are coextracted with the DNA (30) .
In the present study, the performance of two published LightCycler real-time PCR assays based on the multicopy B1 gene and 529-bp repetitive element (13, 45 ) and a newly developed LightCycler real-time PCR assay using a common primer set were analyzed for the detection of T. gondii, using pure DNA and DNA extracted by the aforementioned extraction method (30) from water sample concentrates seeded with known number of oocysts.
MATERIALS AND METHODS
Toxoplasma gondii strains. Toxoplasma gondii tachyzoites of the RH strain and oocysts of the VEG strain were provided by Ynes Ortega of the University of Georgia and J. P. Dubey of the U.S. Department of Agriculture, respectively.
T. gondii oocyst stock preparation. A hemocytometer-counted suspension of 64,000 oocysts in 2 ml of distilled water was used in an initial dilution of T. gondii oocysts. Suspensions of 1,600, 800, 400, 200, 100, 50, 25, 10, 5, and 1 oocyst then were made by serial dilution and used to evaluate the sensitivity of the B1 and 529-bp gene-based LightCycler real-time PCR assays.
Water sample concentrates and seeding. Twenty-liter samples of stream water were collected after rain events by autosamplers as previously described (31) and were concentrated with Envirocheck HV filters (Pall Gelman Laboratory, Ann Arbor, MI) by following EPA Method 1623 to the IMS step (54) . Because of the high degree of turbidity, several filters were needed to process the entire sample volume. These sample concentrates were used in seeding experiments, because they were known to have PCR inhibitors (30) . Each 0.5 ml of packed pellet from the processed water samples was seeded with known numbers of T. gondii oocysts. This pellet volume was chosen because it simulates the maximum volume of water concentrates used in each IMS processing by EPA Method 1623 and the volume usually analyzed for Cryptosporidium oocysts and Giardia cysts by microscopy for each water sample.
DNA extraction. DNA was extracted from cultured tachyzoites or water concentrates using the FastDNA spin kit for soil (Qbiogene, Irvine, CA) (30) . Briefly, 6 ϫ 10 6 tachyzoites or each 0.5-ml packed pellet seeded with oocysts was transferred into a 2-ml tube containing the lysing matrix E from the FastDNA spin kit for soil. After adding 978 l of sodium phosphate buffer and 122 l of MT buffer from the kit, the tube was vortexed in a FastPrep instrument (Qbiogene) for 30 s at a speed setting of 5.5. Each sample was processed further in accordance with the manufacture-recommended procedures, and 100 l of DNA was eluted per sample. DNA was stored at Ϫ20°C until use in PCR. In most experiments, 2 l of DNA was used in PCR. To determine the sensitivity of the PCR in detecting pure T. gondii DNA, 2 l of fivefold serial dilutions of the tachyzoite DNA was used in PCR.
Target genes. The multicopy B1 gene and the 529-bp repetitive element were the PCR targets evaluated in this study. The B1 gene consists of 35 copies of a 2,214-bp repeat, and it is highly conserved among strains of T. gondii (6) . The 529-bp repetitive element consists of 200 to 300 copies in the genome of T. gondii (26) .
Real-time PCR. Three LightCycler real-time PCR assays were evaluated, each using two fluorescence resonance energy transfer (FRET) hybridization probes in PCR product detection and melting curve analysis. Two of the assays were based on the B1 gene, including one (B1-Costa PCR) by Costa et al. (13) and one developed in the present study (B1-Burg PCR). The latter used two newly designed FRET probes (Tox-B1-P1 and Tox-B1-P2) with primers Tox1 and Tox2, which were designed by Burg et al. (6) . The third assay (529 PCR), based on the 529-bp repetitive element, was developed by Reischl et al. (45) . The sequences of the primers and probes are shown in Table 1 .
After standardizations, the final PCR mixture for LightCycler real-time PCR included 2 l of template DNA, 2 l of GeneAmp 10ϫ PCR buffer (Applied Biosystems, Foster City, CA), 4 mM MgCl 2 , 100 M deoxynucleoside triphosphate (Applied Biosystems), 400 nM primers, 200 nM hybridization probes, 250 g/l of nonacetylated bovine serum albumin, and 1 U of Taq polymerase (Promega, Madison, WI) in a total volume of 20 l. In some assay evaluations (with four replicates), the master hybridization probe kit (Roche Applied Science, Indianapolis, IN) replaced the in-house PCR mix (1ϫ GeneAmp 10ϫ PCR buffer, 100 M deoxynucleoside triphosphate, and 1 U of Taq polymerase). The real-time PCR consisted of 55 cycles of denaturation at 95°C for 5 s, annealing at 52°C (B1-Burg PCR), 55°C (529 PCR), or 61°C (B1-Costa PCR) for 10 s, and extension at 72°C for 15 s, with an initial denaturation at 95°C for 3 min. The ramp rate for all transitions was 20°C/s.
To determine the sizes of the amplified products, real-time PCR products were harvested by the centrifugation of the inverted LightCycler capillaries. The PCR products were visualized by 1.5% agarose gel electrophoresis using ethidium bromide and UV transillumination.
Conventional PCR. The B1 and 529 primers also were evaluated by conventional PCR. Each 100 l of PCR solution contained 2.0 l of DNA, 500 nM primers, 0.2 mM deoxynucleoside triphosphate (Applied Biosystems), 3.0 mM , selected PCR products were sequenced using an ABI BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) by following manufacturer-suggested procedures. Sequences were read on an ABI3130 genetic analyzer (Applied Biosystems). Sequence accuracy was confirmed by two-directional sequencing. Nucleotide sequences obtained were aligned with reference sequences using the ClustalX 1.81 package (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/).
Nucleotide sequence accession numbers. Unique nucleotide sequences generated in this study were deposited in the GenBank database under accession numbers FJ656208 and FJ656209.
RESULTS

Development and testing of a B1-based real-time PCR using Burg primers.
A new LightCycler-based PCR assay was developed using published primers Tox1 and Tox2 (6) and two FRET hybridization probes (Tox-B1-P1 and Tox-B1-P2) that were designed in this study. This assay utilized the in-house PCR mix in addition to the primers and probes. In repeated analyses, the real-time PCR amplified all seven DNA preparations that each were extracted from 6 ϫ 10 6 T. gondii tachyzoites, with threshold cycle (C T ) values of 16 or 17 cycles. Melting curve analysis revealed that all PCR products had melting temperatures of 70.1 to 70.7°C. The agarose gel electrophoresis analysis of the real-time PCR products showed the presence of only an expected 193-bp band (data not shown).
Real-time PCR conducted using the Roche LightCycler DNA Master Hyprobe, with premixed PCR buffer, deoxynucleoside triphosphate, and DNA polymerase, resulted in PCR amplifications and C T values similar to those obtained with the inhouse PCR mix. The melting temperature of PCR products in real-time PCR was slightly lower when the Roche buffer was used (68.8 to 69.1°C).
Comparison Table 2) .
A slightly lower detection threshold was achieved with the B1-Costa PCR. Using the same DNA dilutions, all four DNA preparations were amplified to a dilution of 1:3,125, and the equivalent of DNA extracted from approximately 37.5 tachyzoites/PCR. Lower detection rates were seen at dilutions of 1:15,525 (3/4), 1:78,125 (1/4), and 1:390,625 (1/4), roughly equivalent to the DNA extracted from approximately 7.5, 1.5, and 0.3 tachyzoites/PCR, respectively. There also was good agreement between C T values and DNA dilutions. Most PCR products had melting temperatures of 70.5 to 70.8°C. The differences between B1-Burg PCR and B1-Costa PCR were not significant (P ϭ 0.07 at the dilution of 1:78,125).
The 529 PCR method (45) had the highest sensitivity for the detection of diluted T. gondii tachyzoite DNA. Standard C T curves were generated through a dilution of 1:390,625 for all four DNA preparations. Two of four DNA preparations produced amplification at the dilution of 1:1,953,125 (equivalent to 0.06 tachyzoite/PCR). There was very good correlation between C T values and DNA dilutions ( Table 2 ). The melting temperatures of most PCR products were 67.0 to 67.4°C. The exponential increase in fluorescence signal occurred earlier with all four DNA preparations in the 529 PCR than in the two B1-based PCR assays (C T values of 13 to 15 cycles and 16 to 17 cycles, respectively). The differences in detection rates between the 529 PCR and two B1 PCR assays were significant at the dilution of 1:390,625 ( Table 2) .
Detection of T. gondii oocysts by real-time PCR assays. The B1-Burg PCR and B1-Costa PCR were evaluated for the de- Table 3 ). The positive control DNA was amplified in all B1-Burg PCR analyses, with C T values of 16 or 17 cycles (data not shown). PCR products had melting temperatures of 70.9 to 71.9°C. Slightly higher sensitivity was achieved with the B1-Costa PCR using the same DNA preparations. All samples seeded with 1,600, 800, 400, and 200 oocysts/0.5 ml pellet generated amplification, with increased C T values as the numbers of seeded oocysts decreased. At 100 and 50 oocysts/pellet, 4/6 and 1/6 samples were positive. Only 1/6 samples seeded at 1 oocyst/ pellet generated PCR amplification (Table 3) . Differences in sensitivity between the two B1 PCR assays were not significant. PCR products of the B1-Costa PCR had melting temperatures between 70.0 and 71.4°C.
In contrast, the 529 PCR method of Reischl et al. (45) amplified T. gondii DNA in all samples seeded with 1,600, 800, 400, 200, 100, 50, 25, and 10 oocysts/pellet. In samples with 5 and 1 oocyst/pellet, 2/6 and 3/6 samples produced PCR amplification, respectively. Correlation between the number of seeded oocysts and the C T values generated in the 529 PCR was good (Table 3 ). PCR products had melting temperatures between 66.7 to 67.8°C. The differences in sensitivity between the 529 PCR and two B1 PCR assays were highly significant at 50, 25, and 10 oocysts/0.5 ml pellet (P Ͻ 0.01).
Because the 529 PCR had higher sensitivity than the two B1 PCR assays, we further analyzed the performance of the inhouse PCR mix with the master hybridization probe buffer. Using DNA preparations from four water concentrates seeded with known numbers of T. gondii oocysts, similar results were obtained by the 529 PCR method with both buffers (P Ͼ 0.05). Consistent amplifications of all DNA preparations were obtained when in-house mix was used in the PCR analysis of water sample concentrates seeded with 10 or more oocysts per pellet, whereas master hybridization probe buffer failed to produce amplification in one of four samples seeded with 50 or 10 oocysts/pellet (Table 4 ). Slightly lower melting tempera- tures were obtained with PCR products generated with the latter buffer (65.7 to 66.3°C versus 66.7 to 67.8°C). Evaluation of B1 and 529 PCR primer specificity. All realtime PCR products generated in the study also were analyzed by agarose gel electrophoresis to confirm the identity of the products generated. When real-time PCR was done with DNA preparations from cultured tachyzoites, all three PCR assays generated PCR products of the expected sizes (126, 163, and 193 bp for the B1-Costa PCR, 529 PCR, and B1-Burg PCR, respectively; data not shown). When PCR templates used DNA preparations from water concentrates seeded with known numbers of T. gondii oocysts, the B1-Burg PCR and 529 PCR generated only the expected band. The B1-Costa PCR, however, produced a band that was slightly smaller than expected in analyses of all DNA preparations from seeded water samples, in addition to the expected band in PCR analyses of DNA preparations from samples seeded with high numbers of T. gondii oocysts (Fig. 1) . Several attempts in sequencing the nonspecific B1 PCR products failed due to the presence of underlying signals in the electropherogram.
The primers used in all three real-time PCR assays were evaluated by conventional PCR. Using DNA from cultured tachyzoites, both B1 PCR assays generated only PCR products of the expected sizes. In contrast, the 529 PCR produced two bands: the expected product of 163 bp and another near 700 bp in size, even after modifications of concentrations of Mg 2ϩ , DNA dilutions, and annealing temperatures in PCR (data not shown). The DNA sequencing of the large PCR product yielded a 675-bp sequence. The alignment of the sequence obtained (FJ656209) with the reference sequence from GenBank (AF146527) showed that the product was from a tandem repeat of the 529-bp repetitive element.
When DNA preparations from seeded water concentrates were used in conventional PCR, the B1-Costa primers generated only the expected band (data not shown). The 529 PCR assay also generated the large and small PCR products of the 529-bp repetitive element for DNA preparations from water concentrates seeded with T. gondii oocysts. In contrast, the B1-Burg primers generated the expected B1 product only in samples seeded with high numbers of oocysts. In some samples, a strong, nonspecific product between 800 to 900 bp was seen (data not shown). One expected and two nonspecific large PCR products were sequenced. The sequence from the expected band was identical to the B1 reference sequence AF179171. The sequences (FJ656208) from the large PCR products were GC-rich (62.8%) and identical to each other but did not match any sequence in GenBank.
DISCUSSION
In this study, three real-time PCR assays based on the B1 gene and 529-bp repetitive element were tested for their sensitivity in detecting T. gondii oocysts in concentrates of surface water samples. These genes were selected because of their frequent use for the detection of T. gondii in clinical specimens and the high copy number of the targets (7, 20, 34, 45) . The assays tested included two published LightCycler real-time PCR techniques based on these genes (13, 45) and a new LightCycler real-time PCR developed using the B1 primers designed by Burg et al. (6) . The B1 primers by Burg et al. are the most widely reported primer set for the PCR detection of T. gondii (25, 32, 37, 46, 48, 52, 55) . These primers amplify a 193-bp fragment, which allowed for the development of a LightCycler real-time PCR assay using two newly designed FRET probes (Table 1) . This real-time PCR format was used because of its popularity in the analysis of clinical specimens (5, 7, 10-13, 20, 24, 29, 37, 38, 41, 43, 45) , the time-saving nature, and the potential for quantitation (4) . FRET hybridization probes were used instead of SYBR green in the detection step of the PCR assay to increase sensitivity and specificity (19, 43) .
Results of the present study confirm the higher sensitivity of real-time PCR assays based on the 529-bp repetitive element compared to those based on the B1 gene (7, 8, 20, 24, 45) . This likely was due to the difference in copy numbers of the two targets, as reflected by the results of analyses of pure tachyzoite DNA preparations ( Table 2 ). The detection limit of Ͻ1.5 tachyzoites/PCR by the B1-Burg PCR is comparable to those (1 to 3 tachyzoites/PCR) of other TaqMan (33) and Light-Cycler (4) real-time PCR assays based on the B1 gene. The detection limit of the B1-Costa PCR was slightly higher (8 tachyzoites/PCR) but was similar to that (10 tachyzoites/PCR) of another LightCycler PCR that also is based on the Burg primers (5). The 529 PCR method was much more sensitive, with a detection limit of 0.06 to 0.3 tachyzoite/PCR, which exceeded the 0.5 tachyzoite/PCR limit of another 529-based LightCycler PCR (7) .
The two B1-based real-time PCR assays were less sensitive in the detection of T. gondii oocysts seeded into water concentrates than the 529 PCR. This difference was not fully explained by the difference in copy numbers of the targets (35 versus 200 to 300 copies). One possible reason for the lower sensitivity of B1-based PCR is the nonspecificity of the primers. Both the Burg primers (6) and the Costa et al. primers (13) amplified nontarget DNA. Even though the B1 gene remains , and the PCR products were detected by conventional agarose gel electrophoresis. The B1-Burg PCR (upper) and 529 PCR (lower) generated only the expected PCR products, with noticeably higher sensitivity by the 529 PCR. In contrast, the B1-Costa PCR (middle) generated a nonspecific band that was slightly smaller than the expected PCR product, in addition to the expected band, in DNA from water concentrates seeded with high numbers of T. gondii oocysts. Lane 1, 100-bp molecular marker ladder; lanes 2 to 12, water concentrates seeded with 1,600, 800, 400, 200, 100, 50, 25, 10, 5, 1, and 0 oocyst/0.5 ml pellet, respectively; lane 13, positive control (DNA from cultured tachyzoites); and lane 14, negative control (no DNA template).
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REAL-TIME PCR DETECTION OF TOXOPLASMA GONDII OOCYSTS 3481 the most commonly used PCR target in the analysis of T. gondii DNA in clinical specimens (4, 5, 7-11, 20-22, 28, 33, 39, 40, 45, 47, 48, 50-52, 56) and performed well in the analysis of tachyzoites in this study, its use in the PCR detection of T. gondii oocysts of environmental samples probably is limited because of the nonspecificity of some primers and lower sensitivity.
Results of this study also indicate that the 529-bp repetitive element is a useful PCR target for the detection of T. gondii oocysts in water, with sensitivity comparable to that obtained with pure tachyzoite DNA. This finding indicates that inhibition associated with the PCR analysis of water samples was not a contributing factor for the poor sensitivity of the B1 PCR assays. One potential problem with the 529 PCR is the presence of tandem repeats in the target sequence, which could reduce the sensitivity of detection because of primer competition and the generation of multiple products. In the present study, multiple PCR products seen in the regular PCR analysis of the gene were absent in the agarose electrophoresis of real-time PCR products. The reason for the difference is not clear. Perhaps the short extension duration in the real-time PCR prevented the efficient amplification of the tandem repeats.
Results of the study suggest that the 529 PCR, originally developed for the analysis of clinical specimens (45) , can be used effectively in the detection of T. gondii oocysts in water samples when the FastDNA extraction kit for soil is used in DNA extraction and high concentrations of nonacetylated bovine serum albumin are used in PCR. It is, however, important to keep in mind that the detection limit was based on the serial dilution of a hemocytometer-counted suspension and could be inaccurate. Previously, the performance of conventional or nested PCR in the detection of T. gondii oocysts was evaluated in several studies, and the detection limits varied greatly between assays and studies. The sensitivity of an 18S rRNA nested PCR was reported to be 0.1 oocyst for distilled water (35) , 100 oocysts/sample for river water, and 10 oocysts/sample for well and sea water (36) . Similarly, the sensitivity of a B1based TaqMan end point assay was more than 10 oocysts/liter for drinking water and more than 1,000 oocysts/liter for raw surface water (55) . Even lower sensitivity (about 50 oocysts per 50 l of PCR mixture) was seen for river water analyzed by a B1-based PCR hybridization immunoassay (46) . PCR inhibition probably was a major factor responsible for the difference in reported sensitivity (55) . The DNA extraction method used in this study, the FastDNA extraction kit for soil samples, previously was shown to be better in removing PCR inhibitors than other commercial kits (30) .
In conclusion, real-time PCR assays, especially the 529 PCR method, were highly effective in detecting T. gondii oocysts seeded in concentrates of stream water samples. Before the technique can be applied widely, the further standardization of procedures, including the testing of seeded water samples and field samples, and interlaboratory comparisons are needed. Nevertheless, this new approach provides an alternative to the conventional mouse inoculation assay or microscopy.
